Abstract: We have synthesized methacrylate-endcapped caprolactone networks with tailored water sorption ability, poly(CLMA-co-HEA), in the form of three-dimensional (3D) scaffolds with the same architecture but exhibiting different hydrophilicity character (x HEA 50, 0.3, 0.5), and we investigated the interaction of goat bone marrow stromal cells (GBMSCs) with such structures. For this purpose, GBMSCs were seeded and cultured for 3, 7, 14, 21, and 28 days onto the developed scaffolds. Cells have proliferated throughout the whole scaffold volume. Cell adhesion and morphology were analyzed by SEM, whereas cell viability and proliferation was assessed by MTS test and DNA quantification concluding that numbers of cells increased as a function of the culturing time (until day 14) and also with the hydrophobic content in the samples (from 50 to 100% of CLMA). No significant difference between samples with 100% and 70% of CLMA were detected in some cases. Osteoblastic differentiation was followed by assessing the alkaline phosphatase activity of cells, as well as type I collagen and osteocalcin expressions levels until day 21. The three markers were positive at days 14 and 21 when cells were cultured in 100% CLMA substrates which suggests osteoblastic differentiation of mesenchymal stem cells within these scaffolds. On the other hand, when the CLMA content decreases (until 50%), type I collagen and osteocalcin were positive but ALP was negative indicating that the differentiation process is affected by hydrophilic content. We suggest that such system may be useful to extract information on the effect of materials' wettability on the corresponding biological performance in a 3D environment. Such general insights may be relevant in the context of biomaterials selection for tissue engineering strategies. '
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INTRODUCTION
With the progressive ageing of world population, car accidents and other pathologies and trauma, the need for functional tissue substitutes is increasing. Today, organ, tissue transplantations and medical devices have an important role in medical practices but have limitations. Using autologous tissue in some affections has inconveniences such as complications of the harvesting procedure during operation, as well as the elaborate surgical procedure and the limited availability of autologous bone. Bone tissue engineering, combining bone marrow stromal cells (BMSCs) with a scaffolds and osteoinductive growth factors, provides a potential alternative to autologous bone grafts.
Total porosity, pore size and shape, as well as pore interconnectivity determine the transport of nutrients and metabolites throughout the scaffold, which in the end modulate cell colonization and the ability of cells to deliver the adequate extracellular matrix. For artificial scaffolds to become osteoconductive, these are the clue factors in the conceptual design. [1] [2] [3] [4] In our previous work, 5 it was shown that caprolactone 2-(methacryloyloxy) ethyl ester (CLMA) and 2-hydroxyethyl acrylate (HEA) can form homogeneous random copolymer networks when polymerized by free radical mechanism in solution of N,N-dimethylformamide (DMF). It was also shown that these materials could be used to produce three-dimensional (3D) scaffolds with varying water sorption ability since pure CLMA is hydrophobous and the addition of some HEA, monomeric units, rapidly increases water sorption. The effect of cell attachment and proliferation on the poly(CLMA) and poly(CLMA-co-HEA) networks was observed by in vitro monolayer culture of human chondrocytes up to 8 days. It was shown that cell adhesion and proliferation onto the copolymer substrate containing 30% by weight of HEA units was approximately the same than onto poly(CLMA), both comparable to TCPS control.
By varying the HEA content in the system one can control, up to a certain extent, the wettability of the copolymer. It has been shown that the hydrophilic nature of the surface may strongly influence protein adsorption and cell adhesion. 6 Such kind of studies has been mainly performed in 2D culturing conditions. We hypothesize in this work that the poly(CLMA-co-HEA) may provide a good model system to study the effect of wettability on the materialstem cell response in a 3D environment.
Research focused in tissue engineering strategies requires the use of adequate cell sources that should be viable in terms of clinical practice. Many works has been done involving the use of mesenchymal stem cells, since they are able to differentiate into various mesenchymal lineages. 7 In this context, goat BMSCs have been demonstrated to be an adequate model in validating tissue engineering strategies due to their high proliferation rate. Such cells differentiate into osteogenic or chondrogenic phenotypic cells in the presence of adequate culture media. 8 The aim of this work is to extend that study to investigate the influence of substrate hydrophilic character on cell viability, proliferation, and differentiation in bone marrow cells cultured in osteogenic medium into 3D scaffolds made with these copolymers.
EXPERIMENTAL Materials
Caprolactone 2-(methacryloyloxy)ethyl ester (CLMA) (Aldrich) and 2-HEA (Aldrich, 96% pure) were used without further purification. Benzoin (Aldrich, 98% pure) and ethylene glycol dimethacrylate (EGDMA) (Aldrich, 99% pure) were used as initiator and crosslinking agent, respectively. Acetone (Scharlau, synthesis grade) and ethanol (Aldrich, 99.5% pure) were used as solvents.
Preparation of the Scaffolds
Constructs with Spherical Pores. Poly(methyl methacrylate) (PMMA) microspheres with diameter 90 6 10 lm (Colacryl dp 300) were used as porogen introducing them between two plates (of a self-built device) whose distance can be controlled by adjusting the step of a coupled screw and heated at 1808C for 30 min to obtain the first template. This template shows the highest porosity attainable (that will yield the lowest porosity of the scaffold) with typical compaction values of 60-65% for random monosized spherical particles. To obtain scaffolds with controlled porosity, the thickness of the obtained disk was first measured; then the disk was replaced in the mould and compressed at 1808C for half an hour. The degree of compression was quantified by measuring the thickness diminution.
After cooling the template at room temperature, a monomer solution (in different weight proportions of both components 100/0, 70/30, 50/50, CLMA/HEA, with 1 wt % of benzoin and 2 wt % of EGDMA) was introduced in the empty space between the PMMA spheres. 5 The polymerization was carried out up to limiting conversion under a UV radiation source at room temperature.
After polymerization took place, the porogen template was removed by Soxhlet extraction with acetone for 48 h. The porous sample was kept 24 h more in a Soxhlet with ethanol to extract low molecular weight substances. Samples were dried in vacuum to constant weight before characterization.
Micro-Computed Tomography
The qualitative information of the poly(CLMA) and poly-(CLMA-co-HEA) scaffolds architecture was obtained by micro tomography imaging using a Scanco 20 equipment (Scanco Medicals, Switzerland) with penetrative X-rays of 50 keV. The X-ray scans were acquired in high-resolution mode. Mimics software (Materialise, Belgium) was used to visualize the 2D X-ray sections images of the materials layered scaffolds. From the l-CT data set, 150-160 slices of a region of interest were used to investigate the interconnectivity of the pores.
Isolation and Culture of GBMCs
BMSCs were isolated from the iliac crest of adult goats and cultured with Dulbecco's Modified Eagle's Medium (DMEM; Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS; Gibco, UK) and antibioticantimycotic (1% A/B, Gibco, UK) solution containing 10,000 units per mL penicillin G sodium, 10,000 mg/mL streptomycin sulfate, and 25 mg/mL amphotericin B as Fungizones 1 in 0.85% saline, as described in previous works. 9 
Seeding and Culturing of GBMCs onto
Poly(CLMA-co-HEA) 3D Scaffolds
GBMCs cells were enzymatically lifted with 3 mL of trypsin (Sigma) after reaching 80% of confluence at P2. A cell suspension (1 3 10 5 cells in 50 lL of medium) was prepared and injected into the poly(CLMA-co-HEA) scaffolds (sterilized with 25 kGy gamma radiation). The seeded scaffolds were then incubated at 378C under 5% of CO 2 conditions for 1 h and, after this time, an additional amount of fresh medium (700 lL) was added to each well. For inducing osteogenic differentiation, cells/scaffolds constructs were cultured in 48-well plates for 3, 7, 14, 21, and 28 days with osteogenic differentiation media consisting of alpha-MEM (Minimal Essential Medium Eagle alpha modification, Sigma-Aldrich) supplemented with 10 28 M dexamethasone (Sigma-Aldrich), 50 mg/mL ascorbic acid (Sigma), and 10 mM b-glycerophosphate (Sigma). Osteogenic medium was renewed every 2-3 days. Each experiment was performed in triplicate.
Characterization of Cell-Scaffold Constructs
Cell Viability. Cell viability was assessed by the MTS cell proliferation assay which quantified mithocondrial activity by measuring the formation of a soluble formazan product, which directly proportional to the number of living cells. After 3, 7, 14, 21, and 28 days of cultured, cells-CLMA/HEA scaffold constructs were transferred into a 48-well plate and washed twice with sterile PBS. Culture medium without FBS and without phenol red was mixed with MTS in a 5:1 ratio, added to the wells, until total cover of the constructs, and incubated for 3 h at 378C in a 5% CO 2 . After the incubation period, 100 lL of MTS and medium mixture were transferred into each well of a 96-well plate and absorbance was read in a microplate reader (Bio-Tek) at 490 nm.
Evaluation of GBMCs Adhesion and Morphology. GBMCs adhesion and morphology were investigated by Scanning Electron Microscopy, SEM (Leica Cambridge S-360, UK). For this purpose, after each culturing period, samples were removed from the culture well, washed in PBS, fixed in 2.5% glutaraldehyde, rinsed twice with PBS, and dehydrated in a series of ethanol concentrations (30%, 50%, 70%, 90%, and absolute) for 15 min with final dehydration in absolute ethanol for 30 min. Finally, samples were dried at room temperature and sputter coated with gold [using a Fisons Instrument Coater (Polaron SC 502, UK)] before observation with SEM.
Assessment of GBMCs Proliferation by Fluorimetric
Analysis. GBMCs proliferation in the prepared scaffolds was determined using a fluorimetric dsDNA quantification kit (PicoGreen, Molecular Probes). Samples collected on days 3, 7, 14, 21, and 28 were transferred into 1.5 mL microtubes containing 1 mL of ultra-pure water and stored at 2808C until testing. Before DNA quantification, constructs were thawed and sonicated for 15 min. Samples and standards (ranging between 0 and 2 lg/mL) were prepared by adding per each well of an opaque 96-well plate 28.7 lL of either sample or standard, 71.3 lL of PicoGreen solution, and 100 lL of Tris-EDTA buffer. The plate was incubated for 10 min in the dark and fluorescence was measured on a microplate ELISA reader (BioTek) at 520 nm using an emission source of 490 nm. A standard curve was created and sample DNA values were read off from the standard graph. Each experiment was performed in triplicate.
Assessment of GBMCs Proliferation by Inmunofluorescence. Cell-poly(CLMA) constructs were washed in PBS, 0.1M for 5 min, fixed with formalin solution for 1 h and washed with PBS twice. After rinsed with H 2 O 2 for 5 min for three times, unspecific immune reactions were blocked using a blockade solution (BS) [8.9 mL of PBS (0.1M), 1 mL of FBS (10%), and 0.1 mL of Triton (0.1%)] for 2 h at room temperature. After that, Antihuman Mouse Alkaline Phofatase antibody (R&D System) (for ALP detection), or Antihuman rabbit collagen I antibody (Chemicon) (for type I collagen), or Antihuman Mouse Osteocalcin antibody (R&D System) were administrated for 1 h at room temperature and overnight at 48C. Cell-scaffold constructs were washed three times with PBS (0.1M) and were incubated with secondary antibody (1:200 in BS) for 2 h at room temperature. Then, samples were rinsed three times with PBS for 5 min and DAPI (1/5000 in PBS, 0.1M) was added. The evaluation was done by [Leica TCS SP2 AOBS (Leica Microsystems Heidelberg GmbH, Mannheim, Germany)] Confocal Microscopy. Two-dimensional (2D) pseudocolor images (255 color levels) were gathered with a size of 1024 3 1024 pixels.
To visualize type I collagen, the cells-scaffold constructs were monitored in the confocal microscope, using a 20X Plan-Apochromat Lambda Blue 0.70 IMM objective, with a single excitation (405 nm) and a single emission system (411-451 nm), with one multiplier for blue fluorescence. Double-labeled preparation was monitored in the confocal microscope, using a 40X Plan-Apochromat 1.25 N.A. oil objective, with a double excitation (405 nm, 488 nm) and a double emission system (411-451 nm, 501-594 nm), with two multipliers for blue and green fluorescence to determine osteocalcin. Alkaline phosphatase (ALP) was detected using double-labeled preparation in the confocal microscope, with a double excitation (405 nm, 561 nm) and a double emission system (411-451 nm, 571-664 nm), with two multipliers for blue and red fluorescence.
Statistical Analysis
Student's t-test of two samples assuming equal variance, and ANOVA, single factor tests were used to compare between samples, data considered significant for *p values \ 0.05. The statistical analysis comes from proliferation and MTS experimental data.
RESULTS
Pore Architecture of the Scaffolds
The scaffolds prepared in this work are similar to those reported in reference. 5 SEM micrographs of the resulting scaffolds (Figure 1) show the pore architecture consisting of a network of interconnected spherical pores. Figure 1 corresponds to poly(CLMA) network but the same geometrical structure was obtained with poly(CLMA-co-HEA) copolymers with different amounts of HEA (30 and 50% of HEA).
A deeper insight into the pore architecture was obtained using micro-computed tomography, l-CT, that allowed a quantitative characterization of pore size and interconnectivity. Figure 2 shows a representative 2D section of a CLMA scaffold. 3D reconstruction of the scaffolds geometry allows one to calculate the total porosity and the pore size distribution, 10 which is shown in Figure 3 . The mean pore diameter is 90 lm, according to the diameter of the porogen particles used in the preparation of the scaffold (Figure 3 ).
Adhesion and Proliferation of GBMCs Cultured onto
Poly(CLMA) and Poly(CLMA-co-HEA) Scaffolds
Cell seeding into the scaffolds was performed by injecting in the center of the scaffold a suspension of GMBCs using a micro syringe. In this way, cell suspension is initially forced to fill in the whole volume of the pores. Despite the volume of medium in which cells were suspended was as small as possible (50 lL), it is larger than the pore volume of the sample and a part of the suspension and thus a fraction of cells leaves the sample (and is retained in the well). One hour after seeding, the samples were transferred to new well-plates with fresh culture medium to stimulate the adhesion of the cells to the scaffold. Figure 4 shows the SEM micrographs of the surface of poly(CLMA) samples seeded with GBMCs and cultured in osteogenic medium at different culture times (3, 7, 14, 21, and 28 days). Also, a detail at higher magnification ( Figure 5 ) shows the cells on the scaffold transversal section of poly(CLMA) at day 21, which shows that cells adhere to the substrate, spread actively, and present a flat morphology.
The influence of the chemical composition of the scaffold on GBMCs culture can be observed on the surface of the scaffolds after 21 days of culture (refer the SEM pictures in Figure 6 ). The fraction of surface covered by cells and extracellular matrix is much lower in poly(CLMA-co-HEA) 50/50 copolymer than in poly(CLMA).
The amount of DNA per sample ( Figure 7) showed an important increase of the number of cells from day 3 to day 28 in all the scaffolds and hence a high cellular proliferation occurred in presence of osteogenic medium. No significant differences were found between the behavior of poly(CLMA) scaffolds and those containing 30% HEA with the exception of the MTS experiment at day 3. Nevertheless, the number of cells is much smaller in the copolymer containing 50% HEA than in poly(CLMA) confirming the influence of hydrophilic character on cell proliferation. For example, even for the longest culture times, the DNA content is slightly higher in the scaffold containing 30% HEA. These results are confirmed by the MTS assay ( Figure 8 ) and show cell viability and proliferation when culturing GMBC in osteogenic medium seeded in the poly(CLMA) scaffolds or containing small amounts of the hydrophilic component to improve water diffusion through the construct.
Osteogenic Differentiation
Scaffolds cultured for different time periods were cross sectioned in thick slices and observed with confocal microscope after inmunofluorescence assays. Figure 9(a-f) show different sections of a poly(CLMA) scaffold at days 14 (a,b,c) and 21 (d,e,f). In all of them, the nuclei of the cells were counterstained with DAPI (blue). These images confirm that a high number of cells has invaded the interior of the scaffold and the number of positive cells for ALP, type I collagen, and osteocalcin markers increase with the amount of CLMA in the scaffolds. The behavior of the cells cultured in poly(CLMA-co-HEA) (50/50) was different. A few cells can be found in cross sections of these copolymer scaffolds as shown in Figure 9(g-i) , confirming the results of MTS assay and DNA content described above. Osteocalcin and type I collagen markers are positive, but in the case of ALP the result was negative.
DISCUSSION
The procedure used to process the porous constructs permitted to obtain a series of macroporous scaffolds with tailored chemical structure of the pore surface that interact with cells but keeping the same pore architecture and porosity (72% as calculated from microCT) for all of them. In particular, surface tension is greatly affected by the presence of hydroxyl groups and also equilibrium water content of the bulk material in immersion in liquid water or culture medium [maximum water absorption, w, for poly(CLMA) was 0.1 and for poly(CLMA-co-HEA) (30/70) was 1]. The increase in water absorption ability and surface tension with increasing HEA content is expected to improve the scaffold wettability, enhancing cell seeding, and transport of nutrients and other water soluble products to the whole volume of the scaffold. Nevertheless, the increase of hidrophilicity could lead to decrease cell adhesion to the substrate. The balance between these factors must determine the viability of cells cultured in 3D scaffolds.
Pore size distribution within the scaffolds is mostly unaffected by the chemical composition of the underlying material, i.e., the architecture of the scaffold is mainly determined during the sintering process of the PMMA template and it does not change due to the polymerization of different chemical components. The pore size is determined by the size of the porogen particles but also by the polymer contraction when drying after porogen elimination with a suitable solvent. 11 Thus, pore architecture could in principle vary with the copolymer composition. Nevertheless, this was not the case in the series of samples of this work and pore structure shown in Figure 1 , and the pore size distribution of Figure 3 are representative of all compositions. A more detailed analysis of the scaffolds architecture has been reported elsewhere. 10 Cellular density increases with time (Figure 4) , suggesting adequate adhesion and proliferation. After 21 days, the complete surface of the scaffold is covered by cells and extracellular matrix. On the other hand, the presence of high cell density inside the scaffold can be proved observing thick cross sections of the samples using confocal microscopy after fluorescent staining of the cell nuclei with DAPI ( Figure 9 ). Cross sections of the scaffold were also observed by SEM ( Figure 5 ) demonstrating the cell colonization of the interior of the scaffolds besides their growth and adhesion to the surface of the material. Results were similar for other copolymer composition.
The fraction of surface covered by cells and extracellular matrix markedly decreases in poly(CLMA-co-HEA) 50/ 50 copolymer with respect to poly(CLMA). Nevertheless, the behavior of the copolymer containing 30% HEA is similar to that of poly(CLMA) homopolymer. This fact is confirmed by the MTS assay (Figure 8) where, with the exception of day 3, there are not statistical significant differences between both samples. Also in the same figure we can see how the viability is similar at 14 and 21 days of culture, but the cells number is double after 21 days with respect to day 14 (refer Figure 7) . Even if these results might be related to higher cell death rates after day 14, it cannot be excluded that MTS assay underestimates the number of viable cells for high the cell densities due to the difficulty for the reactive to access all the cells inside the 3D scaffolds.
From Figure 8 we can conclude that the 3D scaffolds made of poly(CLMA) and poly(CLMA-co-HEA) copolymers with up to 30 Wt% HEA support viability of GBMCs. The porosity and interconnectivity of the pore structure ensures the supply of nutrients to cells in the culture in static conditions. Further increase in HEA content and thus of the hydrophilicity rapidly reduces cell numbers inside the scaffold. This feature can be due to the decreased adhesion of the cells to the substrate. When the distribution of the hydrophilic groups on substrate's surface is homogeneous it has been found that some types of cell attach more to hydrophobic substrates, and cell adhesion decreases monotonously with the fraction of hydrophilic groups on the surface. This was the case of chondrocytes cultured in monolayer on poly(EA-co-HEA) or poly(EMA-co-HEMA) substrates, [12] [13] [14] [15] [16] [17] or normal human conjunctival epithelial cells 18 or human umbilical cord vein cells 19 in both cases cultured on poly(EA-co-HEA), similar results were obtained. [19] [20] [21] [22] [23] Nevertheless, the optimal composition of this type of scaffolds based on copolymers with a hydrophobic and a hydrophilic components does not always correspond to the hydrophobous material, intermediate compositions containing between 0% and 50% of the hydrophilic component were more adherent for central nervous system cells. 24 This situation was also observed when the hydrophilic groups cluster forming nanodomains on the surface as happened in human chondrocytes cultured on poly(EA-co-HEMA) substrates. 17 The differences in cell adhesion have been attributed to differences in protein adsorption and conformation on these surfaces. For example, cultured MC3T3-E1 osteoblasts 25 on surfaces with uniform distribution of different chemical groups coated with fibronectin and were able to correlate cell attachment and localization of focal adhesions with the exposition of the central module of fibronectin molecule, where the RGD ligands for integrins reside. The influence of substrate hydrophilicity and the distribution of hydrophilic groups on the conformation of proteins adsorbed has been also reported elsewhere 26, 27 and correlated with cell attachment.
Proliferation of the cells lodged into the pores of the scaffold requires cell attachment to the pore walls as shown in SEM picture of Figure 5 . Additionally, a homogeneous cell distribution and growth towards the interior of the scaffold is difficult to achieve under static culturing. 28 Osteogenic cells require an interaction with the extracellular matrix for their growth, maturation, and survival.
Differentiation of GBMCs into bone-forming cells can be assessed characterizing the expression of some makers and the composition of extracellular matrix that correlate with osteoblastic phenotype such as ALP levels, type I collagen, some non-collagenous proteins such as osteocalcin and finally the formation-in a controlled cell-mediated way-of a calcified extracellular matrix. Figure 9(a,d) show (in red) the presence of type I collagen, which is the predominant protein of bone matrix and its expression and secretion is critical for mineralization process. Attachment to type I collagen is mediated through integrins that activate kinase signaling pathways, thus supporting osteoblast cell proliferation and bone growth. ALP is a cell-surface glycoprotein that is involved in mineralization and detected during the early differentiation process. Figure 9 (c,f) reveal the presence of the ALP marker (red color) inside the scaffolds at 14 and 21 days culture. Figure 9(b,e) show the presence of osteocalcin in the extracellular matrix but not in all the regions occupied by the cells. Osteocalcin is a matrix protein that regulates osteoclast activity and which characterizes the post proliferative phase. 29 Thus Figure  9 (b,e) suggest that osteogenic differentiation is not complete after 21 days of culture in osteogenic medium. These results confirm that GBMCs cultured in this kind of scaffolds for such time periods have characteristics of osteoprogenitor cells and exhibit other features of pre-osteoblasts. In fact, it has been demonstrated in several studies that the BMSCs are able to proliferate and differentiate to osteoblast (using biochemical stimulation provided by the osteogenic components of the culture medium), but mineralization can only occur in short culture periods when cells are also submitted to other stimulus, such as mechanical stimulation provided dynamic culture conditions (in perfusion bioreactors). Concluding, the samples with 100% of CLMA and 70% of CLMA present a similar pore size distribution, interconnectivity, and the same behavior in the GBMCs cell cultures. This is the reason why, if a material should be chosen to further applied research, the scaffold with 70% of CLMA would be selected since, in addition to the above-described features, this system presents adequate hydrophilicity that allows enhancing of nutrients transport to the whole volume of the scaffold.
CONCLUSIONS
3D scaffolds made of copolymers that combine hydroxyethyl acrylate and caprolactone units have proven to sustain GBMCs adhesion and proliferation. The method of injecting a cell suspension inside the scaffolds has proved to be (Figures a and d for day 14 and 21, respectively) and osteocalcin (b and e for day 14 and 21, respectively). ALP activity was also detected (c and f at days 14 and 21, respectively). Figure  9 (g-i) correspond to the type I collagen, osteocalcin, and ALP immunohistochemistry of GBMCs in poly(CLMA-co-HEA) (50/50).
effective in seeding a cell population uniformly distributed in the pore structure. Culture of the scaffolds in osteogenic medium maintains proliferation while the cells express characteristic osteogenic markers such as type I collagen, ALP, and osteocalcin. It can be concluded that the best behavior was found when cells were cultured in hydrophobic scaffolds containing small amount of the hydrophilic component (up to 30%). This system allows one to improve diffusion of water and bioactive molecules through the scaffold without compromising the biological response. Nevertheless, HEA content above 50% reduces the cell viability and proliferation.
